Introduction
============

In eukaryotic cells, expression of genes starts in the nucleus when transcription yields pre-mRNAs. Transcription is then followed by translation, but before the translation begins, these pre-mRNAs have to undergo wide range of post-transcriptional processing, including splicing, 5\' end capping and 3\' end polyadenylation. Even though transcription and post-transcriptional processing involve different machineries but evidence suggest, transcription of intron-containing genes is coupled with pre-mRNA processing [@B1]. All these coordinated processes of RNA metabolism are mediated by a huge number of RNA-binding proteins (RBPs), which are mostly associated with trans-acting RNA to form RNA-protein complex called ribonucleoprotein particles (RNPs). Although all RBPs interact with pre-mRNA, different RBPs have diverse specificity and affinity for RNA sequences. In addition, different RBPs recruit particular subsets of auxiliary proteins on pre-mRNA, thus further changing the RBP composition on mRNAs. Altogether these remodelling of RBPs determine the fate of each mRNA [@B2].

One of the protein complexes that is a part of the RBPs is the apoptosis-and splicing-associated protein (ASAP) complex. The ASAP complex was initially isolated from HeLa cell nuclear extract, which comprises of subunits, namely RNA-binding protein with serine-rich domain 1 (RNPS1), apoptotic chromatin condensation inducer in the nucleus (Acinus) and Sin3-associated protein of 18 kDa (SAP18) [@B3]. ASAP dynamically interface with a multiprotein complex termed, exon junction complex (EJC), which gets placed at a distance of 20-24 nt upstream of exon-exon junction on mRNA concomitant with splicing. It serves as binding site for proteins like ASAP, splicing, export and nonsense-mediated mRNA decay (NMD) factors. The EJC has four subunits in its core, namely the RNA helicase eukaryotic initiation factor 4A3 (eIF4A3), Y14, MAGOH and metastatic lymph node 51 (MLN51) [@B4].

The binding of ASAP with EJC is believed to facilitate the functions of ASAP subunits in RNA metabolism starting from transcription, splicing and translation to NMD. The ASAP complex has also been found to function in apoptosis and hence got its name after its role in apoptosis as well as in splicing at the time of discovery. In the presence of apoptotic stimuli like staurosporine, ASAP complex accelerates the progression of cell death and also gets disassembled during apoptosis. Thus, the ASAP complex is also presumed to play an essential part in the regulation of splicing during apoptosis [@B3].

In this review, we discuss the structural aspects of the ASAP complex. We also describe the individual and complex-associated functions of RNPS1, Acinus and SAP18 in RNA metabolism, including transcription, splicing, translation, NMD and apoptosis.

Structure of the ASAP complex
=============================

The ASAP complex came into the picture while identifying protein complexes containing SAP18. SAP18 was earlier known to be a part of Sin3 histone deacetylase (Sin3-HDAC) complex. With the intention to find additional protein complexes associated with SAP18, biochemical fractionations of HeLa nuclei extract were carried out and SAP18 specific antibodies utilised in Western blotting led to the finding of a novel complex termed as ASAP. Mass spectrometry data identified the subunits of the ASAP complex as 50 kDa protein RNPS1, 220 kDa isoform of Acinus (Acinus-L) and 18 kDa protein SAP18 [@B3].

RNPS1 is a general activator of pre-mRNA splicing and its amino acid sequence is related to serine/arginine-rich (SR) protein family [@B5], [@B6]. SR proteins have domains rich in arginine and serine dipeptides and also have an RNA-binding domain known as RNA recognition motif (RRM). The SR proteins are required in the regulation of pre-mRNA splicing, mRNA export and translation [@B7]. Similar to members of the SR protein family, RNPS1 amino acid sequence comprises of an N-terminal serine-rich domain (S domain), a middle RRM domain and a carboxy-terminal with arginine/serine/proline-rich (RS/P) domain. The RRM domain encompasses conserved RNP-1 and RNP-2 sub-motifs and a conserved decapeptide box (Figure [1](#F1){ref-type="fig"}A) [@B6]. The RRM domain of RNPS1 is reported to be more closely related to the RRM of hnRNP C, a constituent of heterogeneous nuclear RNP particles, which functions in mRNA splicing, as compared to the RRM of other SR proteins [@B5]. Intriguingly, RNPS1 mediates protein-protein interaction with its RRM domain which is usually utilized by other SR proteins to bind nucleic acids [@B8]. Individual-nucleotide resolution UV crosslinking and immunoprecipitation (iCLIP) analysis has shown that RNPS1 mainly binds 20-24 nt upstream of exon-exon junctions of mRNAs. These mRNAs predominantly encode proteins involved in RNA processing, cell cycle control, or chromosome organization. Although the binding is non-sequence specific but recent study indicates minor sequence preferences for motifs like 5\'-GAAGA-3\'[@B9]. Interestingly, this motif 5\'-GAAGA-3\' resembles the binding site preference of an SR protein, SRSF1 (ASF/SF2). This motif serves as an exonic splicing enhancer (ESE); ESEs are cis-acting sites on exons of pre-mRNA that stimulate the splicing of an upstream weak intron [@B10]. Evidence that RNPS1 and SRSF1 interacts as demonstrated via assays like the yeast two-hybrid system and mass spectrometry [@B11], [@B12] indicates that RNPS1 bound to GAAGA motif aids in the recruitment of SR protein (SRSF1) or it might be vice-versa i.e. recruitment of SRSF1 may tether RNPS1 to ESE site. The sequential recruitment of either RNPS1 or SRSF1 to this GAAGA site remains to be explored.

Acinus, the next subunit of the ASAP complex, is a nuclear factor, which upon activation by caspase-3, functions in apoptotic chromatin condensation during apoptosis. It also functions in transcriptional regulation and RNA processing. Acinus exists in three isoforms: Acinus-L, Acinus-S and Acinus-S\'. Acinus-L is the longest isoform with 1341 amino acids, while Acinus-S and Acinus-S\' contain 583 and 568 amino acids, respectively. Moreover, Acinus-S contains unique sequence MLSESKEG at the N-terminus followed by residues 767-1341 of Acinus-L. Similarly, Acinus-S\' contains residues 774-1341 of Acinus-L [@B13]. Acinus-S\' amino acid sequence also includes an RRM domain, an RNPS1-SAP18 binding (RSB) motif and C-terminal end rich in Arg/Ser, Arg/Glu and Arg/Asp repeats [@B8], [@B14]. All the isoforms of Acinus share a common central RRM domain, RSB motif and a C-terminal domain. The isoforms vary only in their N-terminal domain. While N-termini of Acinus-S and Acinus-S\' have no conserved domains, the N-terminal domain of Acinus-L contains an additional SAP \[after SAF-A/B, Acinus and PIAS (STAT inhibitors)\] motif and an RS domain [@B15] (Figure [1](#F1){ref-type="fig"}B). Nevertheless, the isoforms of Acinus have no functional differences [@B13], [@B14], [@B16], [@B17] and are capable of forming the ASAP complex, as well as interact with the EJC complex [@B3], [@B18]. The SAP motif of Acinus-L plays a critical role in binding AT-rich chromosomal regions termed as scaffolds or matrix attachment regions (SARS/MARS) [@B19]-[@B21]. SARS/MARS attach chromatin loops to nuclear scaffold/matrix and are the sites of gene regulation [@B22], [@B23]. As a result, the binding of the SAP motif with SARS/MARS could bring Acinus-L in the vicinity of target genes and facilitates interaction with other regulatory proteins to increase their regulatory effect on transcription and splicing [@B24]. It has been shown that Acinus mediates binding of the ASAP complex to RNA and it mostly binds to exonic regions [@B8], [@B25]. When Acinus is bound to exons, it can bind to either canonical or non-canonical EJC positions and is associated with eIF4A3 at canonical EJC positions. Whereas Acinus also binds to the 3\'end of the intronic region spanning the intron-exon boundary, this binding is independent of the core EJC. Introns that are bound by Acinus are shorter, have higher GC content and bear weak 5\' and 3\' splice sites [@B25].

SAP 18 was originally isolated as a part of Sin3-HDAC complex and was found to be involved in deacetylation of histones as well as in transcriptional repression [@B26], [@B27]. The solution structure of SAP18 exhibits the presence of a conserved ubiquitin-like (UBL) domain (Figure [1](#F1){ref-type="fig"}C) and the ubiquitin-like structure contains antiparallel five stranded β sheet curled around a central α helix [@B28]. It has been observed that ubiquitin-like fold-containing proteins mostly act as a platform for the assembly of multiprotein complexes [@B29]. In line with the above, SAP18 stably associate with RNPS1:Acinus heterodimer to form the ASAP complex, whereas is incapable of interacting with RNPS1 and Acinus in isolation [@B18].

In 2012 Murachelli et al. reported the crystal structure of a minimal ASAP complex. They used 656-683 residues of *Drosophila.melanogaster* Acinus, 159-244 residues of human RNPS1 and 14-143 residues of mouse SAP18. While human Acinus rapidly degrades when purified from bacterial cultures, *D. melanogaster* Acinus was stable and could therefore be used during large-scale purifications. The crystal structure revealed that the interacting platform of the ASAP complex constitutes the RRM domain of RNPS1, the UBL domain of SAP18 and the RSB motif of Acinus [@B8]. The RSB motif of Acinus contains β-hairpin fold that is flanked by amino-terminal helical segment (RSB~N~) and carboxy-terminal helical segment (RSB~C~). The amino-terminal helical segment of RSB motif interacts with SAP18 and its carboxy-terminal helical segment interacts with RNPS1 (Figure [2](#F2){ref-type="fig"}) [@B8]. It has also been found that RNPS1 and SAP18 interact with Pinin, a splicing coactivator. This interaction uses an RSB motif present in Pinin to form an alternative protein complex known as PSAP [@B8], [@B30], [@B31]. Interestingly, incubation of PSAP complexes with excessive amount of Acinus did not generate ASAP complexes, implying that the RSB motif of Pinin has binding affinity towards RNPS1 and SAP18 higher than Acinus. The solvent accessible part of the RSB motif of Acinus and Pinin is conserved with a basic Lys-Thr-Lys/Arg sequence, indicating the use of similar conserved sequences by ASAP and PSAP to bind other proteins and RNA [@B8]. Both, Acinus and Pinin have been suggested to associate with the EJC to control the process of transcription as well as splicing [@B3], [@B14], [@B30], [@B32]-[@B35] and the recruitment might depend on the splicing of subset of transcripts. Therefore, the recruitment of either ASAP or PSAP complexes via EJC before or during splicing could be mutually exclusive events [@B8].

Localization of the ASAP complex
================================

Protein localization studies demonstrate the distribution of proteins in various cellular compartments and thus, help in gaining insight into their potential functions. For instance, it is believed that proteins that localize in nuclear speckles are involved in pre-mRNA processing. These factors are then recruited to perichromatin fibrils or the periphery of nuclear speckles, which are the regions of transcription and splicing [@B36], [@B37].

Studies have shown that RNPS1 colocalizes with SR proteins in nuclear speckles, characteristics of most of the pre-mRNA processing factors [@B6]. Both RS/P and S domains are necessary for localization of RNPS1 in nuclear speckles [@B35]. Acinus-S and Acinus-S\' also localizes to nuclear speckles and the RS domain along with RD/E repeats of Acinus-S\' are essential for localization, whereas Acinus-L localizes diffusely in the nucleoplasm and is dependent on the SAP motif of Acinus-L [@B24], [@B38]. Interestingly, it has been seen that sub-nuclear localization of RNPS1 is guided by Acinus isoforms. In the absence of Acinus isoforms, RNPS1 localizes partially in nuclear speckles and partially in the nucleoplasm. Whereas coexpression of RNPS1 and Acinus-S\' colocalize both proteins in nuclear speckles, alternatively coexpression of RNPS1 and Acinus-L direct both RNPS1 and Acinus-L in the nucleoplasm [@B24]. SAP18 also colocalizes with Acinus to nuclear speckles and mutation in the ubiquitin-like fold of SAP18 hinders nuclear speckle localization [@B32]. Intriguingly, the interaction of RNPS1 and SAP18 with the SR protein SRSF11 (p54 or SRp54) and other splicing factors is thought to be required for their proper nuclear speckle localization [@B32], [@B35]. Immunofluorescence data supports the colocalization of ASAP complex components in nuclear speckles suggesting the assembly of ASAP complex in nuclear speckles [@B3].

Roles of the ASAP components in mRNA metabolism
===============================================

The ASAP protein components SAP18 and RNPS1 are shuttling proteins and alternate between the nucleus and the cytoplasm, whereas Acinus is a nuclear-restricted protein. Consequently, Acinus is involved in mRNA metabolism pertaining to the nucleus. The stable association of SAP18 requires the Acinus:RNPS1 heterodimer. Since Acinus dissociates before mRNA export, it is likely that SAP18 also dissociates soon after mRNA export. Thus, SAP18 is likely involved in mRNA metabolism in the nucleus [@B18]. In contrast, RNPS1 remains associated with the EJC in the spliced mRNA as well as with CBP80, the large subunit of nuclear 7-methyl-G cap binding complex in the cytoplasm, but it does not associate with eukaryotic translation initiation factor 4E (eIF4E), which recruits ribosomes to the 5\'-cap structure. Altogether, these data implies that RNPS1 remain bound to the spliced mRNA in the cytoplasm until the initial round of translation and therefore is involved in mRNA metabolism both in nucleus and cytoplasm [@B39].

Transcription
-------------

During transcription, RNA polymerase catalyses the synthesis of RNA from DNA template. However, the nascent RNA transcript that exits out of the RNA polymerase could anneal back with the template DNA to form the DNA:RNA hybrid termed as R-loop. Persistent R-loops cause deleterious effects like DNA double-strand breaks as well as genomic instability. Therefore, cells need to prevent their formation or remove R-loops that have already been formed (reviewed in [@B40]).

### RNPS1, Acinus and SAP18 in transcription

The assembly of RBP complexes on nascent RNA transcripts function in preventing R-loops and studies have shown that RNPS1 and SRSF1 are crucial proteins in this context [@B41]. Depletion of SRSF1 leads to R-loop formation, hypermutation, high molecular weight (HMW) DNA fragmentation and G2 cell cycle arrest [@B42]. Intriguingly, overexpression of RNPS1 suppresses the effects of SRSF1 depletion, suggesting that it complements the lack of SRSF1 in mRNP formation. One another possibility is that RNPS1 influences other unknown proteins, which in turn complements the role of SRSF1 in averting R-loop formation [@B41].

Transcription is largely regulated by transcription factors, which associate with cis-acting regulatory sequences in/near the promoter region and facilitate assembly of transcriptional machinery. Transcription factors can function in ligand dependent or ligand independent manner. Ligand-dependent transcription requires the binding of a ligand to activate the transcription factor. For example, expression of genes which have a retinoic acid response element (RARE) in their promoter region can be regulated by both ligand-dependent and ligand-independent means. In the ligand-dependent manner, a ligand named retinoic acid (RA) associates with a specific nuclear receptors termed RA receptors (RARs), which are heterodimerized with retinoid X receptors (RXRs) at the RARE site of genes. Binding of ligand causes conformational alteration in RARs resulting in dissociation of corepressors and successive recruitment of activators and expression of genes (Figure [3](#F3){ref-type="fig"}A) (reviewed in [@B43], [@B44]). It has been demonstrated that Acinus-S\' interacts via its carboxy-terminal domain with RARs to repress both ligand-dependent and ligand-independent expression of RAR-regulated genes (Figure [3](#F3){ref-type="fig"}A). Although the exact mechanism behind the repression by Acinus-S\' is not known, but it seems that histone deacetylation is partly responsible for the repression activity [@B14].

The other subunit of the ASAP complex, SAP18, is also a component of Sin3 complex, which acts as a global transcriptional repressor [@B26], [@B45]. Sin3 complex interacts with HDAC and mediates transcriptional repression (Figure [3](#F3){ref-type="fig"}B) [@B26]. However, it is not clear whether SAP18 independently (without forming ASAP) or as a part of the ASAP complex interacts with the components of Sin3 complex to mediate recruitment of HDAC and repression of transcription. Briefly, the above studies give an impression of RNPS1 involvement in suppression of R-loop formation [@B41], and the function of Acinus and SAP18 in repression of transcription [@B14], [@B26]. Acinus interacts with SAP18, which in turn interacts with Sin3 complex and recruits HDAC. Hence, the function of Acinus and SAP18 in transcription repression might be inter-correlated.

Splicing
--------

Splicing of pre-mRNA is catalysed by the spliceosome, which undergoes sequential re-arrangements during splicing. At first, the U1 snRNP binds to the 5\' splice site and along with other non-snRNPs form the early (E) complex. The E complex then recruits U2 snRNP to the branch site and forms the A complex (prespliceosome complex) [@B46]. The formation of the A complex commits the pre-mRNA splicing to a pair of 5\' and 3\' splice sites [@B47]. Subsequently, recruitment of U4/U5/U6 tri-snRNPs generate the pre-catalytic B complex and rearrangements like dissociation of U1 and U4 snRNPs together with U2/U6 and U6/pre-mRNA base pairing lead to the generation of an active spliceosome (B\* complex). The B\* complex functions in catalysis of the first step of splicing giving rise to C complex. The C complex then undergoes conformational rearrangements and activated C complex catalyses the final step yielding the spliced mRNA [@B46].

### Presence of ASAP components in spliceosomal complex

Identifying the protein components of affinity purified spliceosome A complex by liquid chromatography ESI tandem mass spectrometry (LC-ESI-MSMS) revealed the presence of RNPS1 and Acinus [@B48]. RNPS1 besides being interacting with spliceosome A complex, also enhances the generation of ATP-dependent spliceosome A complex [@B49]. Additionally, it has been observed that RNPS1 interacts with Pinin and SRSF11, which in turn interact with U2 snRNP proteins and U2 snRNP auxiliary factor 65 kDa (U2AF^65^), respectively [@B35], [@B50], [@B51]. It is known that U2AF^65^ binds to the polypyrimidine tract (PPT) of introns and recruits U2 snRNP to the branch site stimulating the generation of spliceosome A complex [@B52]. Thus, supporting the observation that RNPS1 is one of the factors that influences the formation of A complex [@B35]. Another study reported the presence of RNPS1, Acinus and SAP18 in spliceosome B and C complexes as well [@B53].

### Role of RNPS1 in splicing

Studies have shown that RNPS1 activates constitutive splicing of pre-mRNA. For example, in the presence of limiting amounts of splicing factor SRSF1, RNPS1 stimulates constitutive splicing of *β-globin* pre-mRNA. It also influences the constitutive splicing of transcripts like HIV*-tat, immunoglobulin μ-chain*(*IgM*),*Drosophila ftz and δ-crystalline* [@B6]. However, RNPS1 influences primarily the major splicing pathway as it stimulates splicing of pre-mRNA with GU-AG introns and has no impact on AT-AC intron-containing pre-mRNA [@B6]. Supporting the line of evidence, knockdown of RNPS1 via siRNA instigates retention of introns in transcripts like *MDM2* (murine double minute2) and *AURKB* (Aurora B kinase) [@B54].

### Acinus role in splicing

Acinus-L and Acinus-S\' promote both constitutive as well as alternative splicing of pre-mRNAs with weak 5\' splice site but have no impact on strong 5\' splice site [@B24]. It has been shown that the retinoic acid (RA)-dependent minigene with a weak splice site is efficiently spliced by Acinus, whereas splicing of a RA-responsive minigene bearing a strong 5\' splice site is not augmented. This splicing activity by Acinus is demonstrated through its RRM domain, which is crucial for its association with RA. The RA-dependent splicing activity of Acinus in RA-responsive genes is most probably due to the release of corepressor complexes and recruitment of coactivators in the presence of RA. In the absence of RA, the unliganded RA receptor RAR/RXR heterodimer at the RARE promoter site interacts with corepressor complexes, causing compaction of chromatin and thus, hampering recruitment of both transcriptional and splicing machinery [@B24]. Interestingly, it has been observed that RNPS1 represses the action of Acinus-S\' in non-RA-dependent pre-mRNA splicing, but only partially in RA-dependent pre-mRNA splicing. The possible mechanism behind repression is competition between Acinus and RNPS1 for splicing factors such as SR proteins recruited by RNA polymerase II and general transcription factors. As RNPS1 silences the splicing activity of Acinus-S\', RNPS1 is more likely to have a higher affinity for splicing factors than Acinus-S\'. However, distinct transcription activators and coactivators recruit specific splicing factors; similarly in RA-dependent splicing, different subsets of splicing factors might be recruited. As a consequence, competition between Acinus-S\' and RNPS1 is abated in ligand-dependent pre-mRNA splicing and splicing activity of Acinus-S\' is only partly repressed [@B24]. In summary, it can be speculated that competition between RNPS1 and Acinus modulates splicing of pre-mRNA transcripts. In addition, the presence of particular cis-acting RNA sequences like weak splice-sites could also decide the recruitment of different ASAP components.

### Involvement of SAP18 in splicing

A subsequent study showed that SAP18 functions in modulation of splicing by exon inclusion activity. It has been hypothesized that exon inclusion activity mediated by SAP18 could be the result of either 1) SAP18 acting as a scaffold protein for bringing together the ASAP complex and spliceosomal machinery on the exonic splicing enhancers (ESEs) present on the pre-mRNA or 2) SAP18 functions as an adaptor molecule, recruited to the ESE by a hypothetical protein, SAP18 then eventually recruits RNPS1, Acinus and other splicing factors (Figure [4](#F4){ref-type="fig"}B) [@B32].

### ASAP\'s function in splicing

Surprisingly, the ASAP (ASAP-L and ASAP-S) as a complex was reported to repress RNA processing mediated by splicing factors like SRSF1, SRSF2 and RNPS1; albeit RNPS1 mediated splicing was less sensitive to ASAP complexes [@B3]. The contradictory role of individual ASAP components as splicing activator and the ASAP complex as splicing repressor could be due to the variable interacting partners associated with RNPS1, Acinus and SAP18 *in vivo*. The function of the ASAP complex as repressor of splicing was studied *in vitro* and till date similar *in vivo* studies are still missing. These would be required to understand the effect of dynamics of interacting partners on the subunits of ASAP complex.

### Concerted function of ASAP components and EJC in splicing

Components of the ASAP complex, RNPS1, Acinus and SAP18, does not only form ASAP complex but is also involved in generation of PSAP complex and peripheral components of the EJC. Specifically, many functional roles of RNPS1 with EJC have been demonstrated. For example, it was recently shown that the core EJC (eIF4A3; Mago, homolog of human MAGOH; Y14) and RNPS1 are crucial for Wingless (Wg)/Wnt signalling by regulating the splicing of gene *discs large 1* (*dlg1*) [@B55]. Wnt signalling is essential for cell proliferation, cell migration, cell polarity, pattern formation, stem cell maintenance and adult tissue homeostasis. In drosophila, the glycoprotein Wnt binds to the Frizzled (Fz) family of receptors and a co-receptor called Arrow (Arr) (LRP5/6 in vertebrates) to form Wnt/Fz/Arr trimeric complex that activates the phosphoprotein Dishevelled (Dsh). The activated Dsh destabilizes APC/Axin/GSK3 (adenomatosis polyposis coli, Axin and glycogen synthase kinase 3) degradation complex and inhibits degradation of a transcription factor, Armadillo (Arm) (β-catenin in vertebrates). The protected Armadillo translocate to the nucleus and triggers transcription of a subset of genes like the *TCF/LEF* (T cell factor/lymphocyte enhancer binding factor) family of transcription factors [@B56]. In the lysosome, Dlg1 is thought to protect Dsh from degradation by reducing the ubiquitination modification on Dsh. The proteins of the core EJC and RNPS1 positively regulate the splicing of cell polarity determinant *Dlg1* transcript, thus controlling Wnt signalling. In connection with this, knockdown of the core EJC or RNPS1, reduced the expression of Dlg1 and Dsh, resulting in reduced Wnt signalling [@B55].

In *Drosophila,*loss of core EJC (eIF4A3, Mago and Y14) or RNPS1 also result in exon skipping of heterochromatin genes containing large intron (greater than 250 bp), thus indicating a role of the core EJC and RNPS1 in exon definition [@B57], [@B58]. Exon definition is a phenomenon where splicing machinery identifies splice sites across small exons rather than long introns [@B10], [@B59]. There are several possible explanations for the role of RNPS1 and EJC in exon definition of large intron-containing genes. In one possibility, EJC is likely to act as an adaptor for SR factors, which assist in exon definition. The second possibility is that EJC masks the binding site for splicing factors or RNA motifs present in pre-mRNA that is involved in splice site choice and thus helps in exon retention [@B60]. The third possibility presumes that EJC stabilizes the interaction of spliceosomal complex with splice sites [@B57]. Moreover, the spliceosomal complex recognizes only those splice sites which are found across an optimal intron length (less than 200 bp) and fails to discern splice sites across long introns. Thus, the deposition of EJC complex on exons adjacent to long introns helps spliceosome to splice out long introns [@B61]. Nevertheless, long introns in *Drosophila* also bear repetitive splice sites and its presence probably act as an alternative to EJC-dependent exon definition mechanism [@B62]*.*

The core EJC (Mago and Y14), RNPS1 and Acinus also play a role in repressing transposable elements in both *Drosophila* germline and surrounding somatic follicle cells by regulating splicing of *piwi* transcripts. Piwi is a constituent of the piRNA pathway that silences transposable elements primarily in gonads [@B63], [@B64]. The *piwi* pre-mRNA has suboptimal splice site in its fourth intron due to the presence of a weak PPT and the large size of the fourth intron. Splicing of this weak fourth intron is facilitated by RNPS1, Acinus and EJC and depends upon splicing of the adjacent strong flanking introns. Knockdown of core EJC (Mago and Y14), Acinus or RNPS1 leads to the retention of the fourth intron and decreases piwi protein level, inhibiting the piRNA pathway [@B65], [@B66]. Thus, a model has been suggested in which splicing of strong flanking introns lead to the deposition of EJC at exon junctions, which recruits RNPS1 together with Acinus in the close vicinity of weak intron, thus facilitating spliceosome assembly to splice out weak intron (Figure [4](#F4){ref-type="fig"}A) [@B65], [@B66]. However, introns bearing weak PPT can be spliced independent of strong flanking introns, but only if their length is less than 90 nt [@B67]. Collectively, it can be perceived that introns less than 200 bp are spliced independent of exon definition, whereas introns greater than 250 bp in length may require exon definition for splicing [@B57].

Translation efficiency
----------------------

Splicing of pre-mRNA together with end modifications generate competent mRNA for translation. The process of splicing not only prepares an mRNA for translation but also augments its expression as compared to intronless mRNAs. The higher gene expression is due to the deposition of various RNA-binding proteins on spliced mRNA that regulate efficient mRNA processing, mRNA export and translation of the spliced mRNA [@B68]-[@B71]. The processing of the mRNA at the 5\' and 3\' end is of key importance in stimulating translational efficiency, as mRNA stability largely depends on the existence of cap at the 5\' end and the length of polyadenylations present at the 3\' end. The polyadenylation also has implication in the export of mRNA from the nucleus to the cytoplasm, whereas deadenylation from the end results in mRNA decay [@B72].

### RNPS1 and EJC enhance 3\' end processing and translation efficiency

The fact that a variety of proteins that interact with EJC remain associated with spliced mRNA until the first round of translation led to the finding that RNPS1 is also involved in translation. In this regard, it has been shown that tethering of RNPS1 and SRm160 (Serine/Arginine Repetitive Matrix 1) to the intronless *CAT* and *β-globin* mRNA notably enhanced the 3\' end processing and mRNA steady state levels, resulting in enhanced expression [@B73]. Additionally, RNPS1 and SRm160 when tethered to a *dsx* (doublesex) reporter transcript elicit 3\' end cleavage in vivo [@B74]. This might be due to the recruitment of the 3\' end cleavage machinery, as SRm160 is known to interact with cleavage polyadenylation specificity factor 160 kDa subunit (CPSF-160) [@B75]. CPSF-160 functions in 3\' end processing of pre-mRNAs by binding to AAUAAA signal sequence in pre-mRNA and interacting with poly (A) polymerase and other processing factors to stimulate 3\' end cleavage and polyadenylation [@B76]. In addition, combinatorial RNAi study revealed genetic interaction between SRm160 ortholog of *Caenorhabditis elegans*(RSR-1) and Cleavage stimulation factor 50 kDa subunit (CstF-50), which is also involved in 3\' end processing of pre-mRNA [@B74]. Altogether these implies that the interaction of RNPS1 with SRm160 might support 3\' end processing, which increases mRNA levels and hence availability for translational machinery (Figure [5](#F5){ref-type="fig"}). Another study showed that tethering of RNPS1 to intronless *Renilla luciferase* mRNA enhanced translational efficiency. The enhanced translational efficiency correlates to the increased association of spliced mRNAs with polysomes, implying that RNPS1 along with other EJC proteins (Y14, MAGOH, Up*-*frameshift (Upf) proteins) also promote polysome association [@B77]. Taken together these reports suggest that deposition of EJC on spliced mRNA augments gene expression. However, the involvement of Acinus and SAP18 in translation have not yet been documented.

Nonsense-Mediated mRNA Decay
----------------------------

NMD or mRNA surveillance is a process, which degrades aberrant mRNAs with premature termination codons (PTCs) that could result in deleterious truncated proteins, thus maintaining mRNA quality control. NMD also maintains homeostasis by regulating the expression of normal genes. NMD is instigated when a PTC is present more than 50 nt upstream of the last exon-exon junction in the mRNA [@B78]-[@B80]. This underlines the importance of splicing for NMD activation [@B81], [@B82]. The core NMD factors conserved in eukaryotes are Upf1, Upf2, and Upf3 [@B83]-[@B87]. Notably, Upf2 and Upf3 occur in complex with the EJC on spliced mRNA [@B88]-[@B90]. When translating ribosome stalls at the PTC, Upf1, an ATP-dependent RNA helicase is recruited along with other factors like protein kinase SMG1 complex (comprises of SMG1, SMG8 and SMG9) and eukaryotic release factors eRF1 and eRF3 to form a complex termed as SURF (SMG1-Upf1-eRF1-eRF3) [@B91]. DEAD box RNA helicase, DHX34 then recruits Upf1 to Upf2 and Upf3 bound EJC complex generating the decay inducing (DECID) complex. As soon as SURF complex associates with EJC on spliced mRNAs, SMG1 phosphorylates Upf1 [@B91], [@B92]. Phosphorylated Upf1 further recruits SMG-6 and the SMG-5:SMG-7 complex, which remodels the mRNP by dephosphorylating Upf1 and thereby promotes NMD (Figure [6](#F6){ref-type="fig"}) [@B93]. SMG-6 is an endonuclease, which likely contributes to the cleavage of the aberrant RNA [@B94]-[@B96]. Intriguingly, NMD can also be activated without the assembly of EJC, albeit less efficiently than EJC-dependent NMD [@B97], [@B98].

### Role of RNPS1 in Nonsense-Mediated mRNA Decay

In mammals, two distinct routes of NMD have been observed. One of the routes is Upf2 dependent while the other is Upf2 independent [@B99]. Tethering of RNPS1 to a reporter mRNA elicits Upf2-dependent NMD. RNPS1 has been shown to interact with Upf3b and Upf2 and possibly recruits other factors involved in NMD (Figure [6](#F6){ref-type="fig"}) [@B99], [@B100]. Different routes of NMD activation might regulate a subset of NMD substrates and their NMD efficiency [@B101]. Interestingly, the efficiency of NMD varies between different cell types [@B102]-[@B106] and the cellular concentration of RNPS1 is a limiting factor in NMD efficiency [@B107]. However, it is unclear, whether RNPS1 only functions in recruitment of Upf proteins or if it has any other role in NMD. Asides RNPS1, the involvement of other subunits (Acinus and SAP18) of the ASAP complex in NMD is uncertain.

Furthermore, in humans, severity of genetic diseases is likely to be related to differential NMD efficiency together with exon skipping and alternative splicing [@B108], [@B109]. For example, in humans, the presence of nonsense mutation in dystrophin gene activates NMD, consequently causing deficiency of dystrophin protein leading to an acute manifestation of muscular dystrophy, termed Duchenne muscular dystrophy. However, variability in NMD efficiency as well as exon skipping and alternative splicing generate partially functional C-terminally truncated dystrophin protein, thus lowering the severity of disease, termed as Becker muscular dystrophy [@B102].

Apoptosis
---------

Apoptosis is a type of "programmed" cell death that takes place during the course of development, aging, homeostasis and immune reactions in a cell. Cytoplasmic and nuclear morphological changes that accompany apoptosis are cell shrinkage, membrane blebbing, breakdown of the nuclear lamina, oligonucleosomal DNA fragmentation and condensation of chromatin. During apoptosis, the family of cysteinyl aspartate-specific proteases (caspases) get activated and cleave specific proteins to trigger cell death (reviewed in [@B110]).

### Functions of ASAP components in apoptosis

One of the target proteins of caspase-3 is Acinus, which gets activated by cleavage and induces chromatin condensation without oligonucleosomal DNA fragmentation [@B13]. On the contrary, Joselin et al. showed that when cells are subjected to apoptotic stimuli, knockdown of Acinus isoforms do not hinder chromatin condensation, rather prevent oligonucleosomal DNA fragmentation [@B17]. Two parallel or sequential pathways lead to chromatin condensation and DNA fragmentation during apoptosis. In one of these pathways, CAD (caspase-activated deoxyribonuclease) digests nuclear DNA. CAD is expressed as a complex with its inhibitor/chaperone, ICAD (inhibitor of caspase-activated deoxyribonuclease); ICAD is cleaved by caspases upon apoptotic stimuli releasing CAD. The second pathway is caspase-independent, in which apoptosis-inducing factor (AIF), a mitochondrial intermembrane flavoprotein, causes cleavage of nuclear DNA into high molecular weight DNA fragment and also condenses chromatin at the nuclear periphery [@B111]. Hence, it is conceivable that the inhibition of oligonucleosomal DNA fragmentation in Acinus depleted cells is due to the repression of nucleolytic activity of CAD. The repression is brought about by producing non-functional ICAD protein. Upon depletion of Acinus, the last intron of ICAD is retained, encoding a shorter ICAD protein isoform, which is incapable of functioning as a chaperone for CAD and thus impeding the DNA fragmentation during apoptosis. Therefore it can be speculated that Acinus regulates splicing of ICAD transcript and promotes DNA fragmentation upon apoptotic stimuli (Figure [7](#F7){ref-type="fig"}) [@B25]. In addition, it has been observed that caspase-3 cleaves the SAP motif of the Acinus-L during apoptosis, which compromises the DNA binding affinity of Acinus-L. Since the SAP motif is required to bind with SARS/MARS for chromosomal organization, loss of Acinus-L could induce chromatin degradation [@B15], [@B19]. The ASAP complex has also been implicated in accelerating cell death upon induction of apoptosis [@B3].

Constituents of the ASAP complex are also involved in the regulation of apoptosis via generating distinct isoforms of apoptotic regulators through alternative splicing. It has been shown that siRNA-mediated knockdown of ASAP components (RNPS1, Acinus, SAP18) or EJC members (eIF4A3, Y14) increased the level of pro-apoptotic isoforms of various apoptotic regulators like Bcl-x, Bim and Mcl1 that instigate apoptosis [@B112]. The molecular mechanism behind the regulation remains to be determined. Nevertheless, it has been observed that the members of ASAP and EJC regulate splicing by binding to distinct cis-acting elements present in the pre-mRNA of these apoptotic regulators, which are considerably different from the conventional assembly site of the EJC. For example, RNPS1 binds to SB1, an element present more than 250 nt upstream of *Bcl-x~s~* (pro-apoptotic splice variant) 5\' splice site, whereas eIF4A3 and Y14 associate with B2 element located downstream of the *Bcl-x~s~*5\' splice site. This suggest that the binding is distinct from the canonical site of EJC deposition. This raises the question, what could trigger the deployment of ASAP and EJC components for controlling the production of pro-apoptotic and anti-apoptotic splice variants? One of the probable explanations could be that NMD regulates homeostasis and degrades erroneous mRNAs. Therefore, in order to maintain normal NMD activity, the cell ensures that there are adequate amounts of proteins participating in NMD. Hence, depletion of ASAP and EJC components lead to alteration in the alternative splicing of apoptotic regulators, which triggers the production of pro-apoptotic isoforms and thus, apoptosis of the cell [@B112].

Other Cellular Roles
--------------------

Genome-wide RNA binding profile of Acinus has shown its binding to many mRNAs that encode proteins with functions in cell cycle regulation. Loss of Acinus hindered cell cycle progression through the S phase and the cells remained in G1 phase [@B25]. Cyclin A is one of the proteins that is required for the progress of cell cycle through S and M phase by forming complex with cyclin-dependent kinases CDK2 and CDK1, respectively [@B113]. Cyclin A1 is highly expressed in male germ cells, hematopoietic stem cells and is also found to be elevated in leukaemia cell lines [@B114], [@B115]. Expression of Cyclin A1 is upregulated when Acinus is phosphorylated, consequently increasing cell proliferation. However, depletion of Acinus and serine/arginine (SR) protein-specific kinase 2 (SRPK2), that phosphorylates Acinus, decreased the steady-state level of Cyclin A1 and reduce the growth rate of leukaemia cells [@B116]. Phosphorylation is an essential modification of RS domain-containing splicing factors like Acinus that promotes specific protein-protein interactions between splicing factors [@B117]. Hence, regulation of mRNA processing of Cyclin A1 by Acinus might be a possible reason behind its role in S and G2/M phase progression [@B116].

Conclusions
===========

RNPS1, Acinus and SAP18, serve a crucial role in RNA metabolism starting from transcription to NMD. During transcription, as the assembly of RBPs on nascent RNA prevents R-loop formation and RNPS1 together with SRSF1 are believed to be crucial proteins in this context. Therefore, it can be speculated that RNPS1 also functions as binding platform for the assembly of mRNPs and this is further supported by the RNA binding properties of RNPS1.

In the process of splicing, all the ASAP constituents play a significant function in both constitutive splicing as well as alternative splicing [@B6], [@B65], [@B112]. However, there are many questions that are left unanswered in this context. One of the main questions is whether ASAP components associate with EJC in order to carry out their functions in splicing. Next, how the ASAP components participate in splicing. It can be hypothesized that ASAP components act as a recruitment factor of spliceosomal machinery through protein-protein interactions with splicing factors. Furthermore, it is unclear whether involvement of ASAP complex components in splicing is substrate specific or splice site specific. Although all the ASAP components act as splicing activator but on the other hand it is peculiar that when RNPS1, Acinus and SAP18 interact to form the ASAP complex then ASAP-L and ASAP-S inhibit RNA splicing activity of splicing factors (SRSF2, SRSF1 and RNPS1) [@B3]. It would be worthwhile to understand the real mechanism behind such differences.

The detail mechanism by which ASAP complex regulates RNA metabolism remains to be elucidated fully. It is not yet determined whether components of ASAP complex solely or as a part of the ASAP complex takes part in the regulation of RNA metabolism. Additionally, question like how ASAP components are recruited to their targets still remains to be investigated. It would be fascinating to know how ASAP members are recruited to the spliceosome and to the spliced mRNA. A multitude of proteins interact with spliced mRNA to form mRNPs and the dynamics of mRNPs decide the fate of each mRNA. Therefore, it would be interesting to discover the interacting proteins of the ASAP complex. Many areas are yet to be explored to get a vivid picture of ASAP complex dynamics within the cell. Further research in this area will provide more insights into its role in RNA metabolism, recruitment to the target transcripts, interacting partners and pathological implications.
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Acinus

:   apoptotic chromatin condensation inducer in the nucleus

ASAP

:   apoptosis-and splicing-associated protein

CAD

:   caspase-activated deoxyribonuclease

CPSF-160

:   cleavage polyadenylation specificity factor 160 kDa subunit

CstF-50

:   cleavage stimulation factor 50 kDa subunit

Dlg1

:   discs large 1

Dsh

:   dishevelled

EJC

:   exon junction complex

eIF4A3

:   RNA helicase eukaryotic initiation factor 4A3

ESE

:   exonic splicing enhancers

HDAC

:   histone deacetylase

hnRNP

:   heterogeneous ribonucleoprotein particle

ICAD

:   inhibitor of caspase-activated deoxyribonuclease

mRNA

:   messenger ribonucleic acid

mRNPs

:   messenger ribonucleoprotein particles

NMD

:   nonsense-mediated mRNA decay

piRNA

:   piwi-interacting RNA

PPT

:   polypyrimidine tract

PSAP

:   protein complex of Pinin, SAP18 and RNPS1

PTC

:   premature termination codons

RA

:   retinoic acid

RAR

:   retinoic acid receptor

RARE

:   retinoic acid response element

RBP

:   RNA-binding protein

RD/E

:   arginine/aspartate/glutamate-rich

RNA

:   ribonucleic acid

RNPS1

:   RNA-binding protein with Serine-rich domain 1

RRM

:   RNA recognition motif

RS

:   arginine/serine-rich

RSB

:   RNPS1-SAP18 binding motif

RS/P

:   arginine/serine/proline-rich

RXR

:   retinoid X receptors

S

:   serine-rich

SAP

:   SAF-A/B, Acinus and PIAS (STAT inhibitors) motif

SAP18

:   Sin3-associated protein of 18 kDa

SARS/MARS

:   scaffolds or matrix attachment regions

snRNPs

:   small nuclear ribonucleoprotein particles

SR

:   serine/arginine-rich

SRm160

:   Serine/Arginine Repetitive Matrix 1

SRPK2

:   serine/arginine (SR) protein-specific kinase 2

U2AF^65^

:   U2 snRNP auxiliary factor 65 kDa

UBL

:   ubiquitin-like

Upf

:   up*-*frameshift protein

3\'UTR

:   3\' untranslated region

Wnt

:   wingless

![**Schematic representation of the domain structure of apoptosis-and splicing-associated protein (ASAP) complex components. (A)** RNA-binding protein with serine-rich domain 1 (RNPS1) includes serine-rich (S) domain (residues 69-121), RNA recognition motif (RRM) (residues 162-243) and C-terminal arginine/serine/proline-rich (RS/P) domain (residues 268-305). RRM domain contains RNP-1 (residues 203-210), RNP-2 (residues 163-168) sub-motifs and conserved decapeptide box (Cons. Box) (residues 221-230). **(B)** The three isoforms of apoptotic chromatin condensation inducer in the nucleus (Acinus-L, S and S\') are indicated. Acinus-L includes P-loop, SAP motif, arginine-serine (RS) domain, RRM domain (residues 987-1093) and RNPS1-SAP18 binding (RSB) motif (residues 1210-1237). The N-terminal domain of Acinus-S contains the unique sequence followed by residues 767-1341 of Acinus-L and Acinus-S\' contains residues 774-1341 of Acinus-L. **(C)** Sin3-associated protein of 18 kDa (SAP18) includes an ubiquitin-like (UBL) domain (residues 20-143).](ijbsv13p0545g001){#F1}

![**Structure of ASAP complex.** RNA-binding protein with serine-rich domain 1 (RNPS1) is represented in green, apoptotic chromatin condensation inducer in the nucleus (Acinus) is in blue and Sin3-associated protein of 18 kDa (SAP18) is in purple. The interacting surface of ASAP complex comprises of the RNA recognition motif (RRM) of RNPS1, the ubiquitin-like (UBL) domain of SAP18 and RNPS1-SAP18 binding (RSB) motif of Acinus. The RSB motif of Acinus (*Drosophila melanogaster)* folds into a β-hairpin flanked by short amino and carboxy-terminal helical segments. The amino-terminal helical segment (RSB~N~) of RSB motif interacts with SAP18 and its carboxy-terminal helical segment (RSB~C~) interact with RNPS1. Atomic coordinates of ASAP complex with PDB accession code 4A8X were modelled with PyMol (<http://www.pymol.org/>) according to Murachelli et al. 2012.](ijbsv13p0545g002){#F2}

###### 

**The role of ASAP components in transcription. (A)** In absence of ligand retinoic acid (RA), corepressor complex binds to RA receptors (RARs) which are heterodimerized with retinoid X receptors (RXRs), resulting in repression of transcription by the recruitment of histone deacetylation complex (HDAC) (top panel). In presence of ligand RA, coactivator complexes are recruited and subsequently, transcription is activated (middle panel). Acinus-S\' interacts with RARs and represses transcription. The repression may be brought about by HDAC, corepressor and other unknown mechanisms (bottom panel). **(B)** SAP 18 interacts with mSin3 complex. mSin3 in turn interacts with HDAC and promotes deacetylation and repression of transcription. Undotted arrows indicate known interactions, whereas dotted arrows indicate unknown interactions. RARE, retinoic acid response element; GTEs, general transcription factors; Ac, acetylation.
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###### 

**The role of ASAP components in splicing. (A**) One of the mechanisms of regulation of splicing by RNPS1 and Acinus is splicing of long sub-optimal introns. Splicing of strong adjacent introns deposit EJC at exon junctions and EJC in turn recruits RNPS1 and Acinus in the close proximity of weak intron, thus facilitating spliceosome assembly and splicing of the long weak intron. **(B)**One of the models explaining the role of SAP 18 in splicing regulation is that SAP18 serve as a scaffold protein for the assembly of ASAP complex and spliceosomal machinery via its ubiquitin-like fold on exonic splicing enhancers (ESEs). The other model is that SAP18 is recruited to the ESE by a hypothetical protein X, SAP18 then functions as an adaptor molecule and recruits RNPS1, Acinus and other splicing factors.
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![**The role of ASAP components in translation**. SRm160 interacts with Cleavage polyadenylation specificity factor-160 (CPSF-160) and Cleavage stimulation factor-50 (CstF-50). RNPS1 in turn interacts with SRm160. CPSF binds to AAUAAA signal sequence in pre-mRNA and associates with poly(A) polymerase (PAP) and CstF, thereby promoting 3\' end cleavage and polyadenylation. CF I, cleavage factor I; CF II, cleavage factor II; PABP, poly(A) binding protein.](ijbsv13p0545g007){#F5}

![**The role of ASAP components in NMD**. During translation when ribosome encounters premature termination codon (PTC), it gets stalled at the PTC and as a result Up-frameshift 1 (Upf1) is recruited along with other factors like protein kinase SMG1 complex and eukaryotic release factors eRF1, eRF3 and DEAD box RNA helicase (DHX34) to form the surveillance (SURF) complex. DHX34 then stimulates interaction of Upf1 with Upf2-Upf3, which is bound to the EJC core and RNPS1. DHX34 also triggers ribosome disassembly and release of release factors in an ATP hydrolysis-dependent manner, remodelling SURF complex to Decay inducing (DECID) complex. This leads to phosphorylation of Upf1 and recruitment of SMG-6 and SMG-5: SMG-7 complex. SMG-6 is an endonuclease and subsequently, mRNA decay gets activated. m^7^Gppp, 7-methylgyanosine.](ijbsv13p0545g008){#F6}

![**The role of ASAP components in apoptosis.** Acinus aids in the recruitment of splicing machinery for the faithful splicing of the last intron of inhibitor caspase-activated deoxyribonuclease (ICAD). Functional ICAD acts as a chaperone for caspase-activated deoxyribonuclease (CAD), thus during apoptotic stimuli caspase cleaves ICAD releasing functional CAD, which then promotes DNA fragmentation.](ijbsv13p0545g009){#F7}
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